Ruthenium-Catalyzed Hydrogenative Degradation of Endof-Life Poly(lactide) to Produce 1,2-Propanediol as Platform Chemical
Tim-Oliver Kindler, Christoph Alberti, Elena Fedorenko, Nicolo Santangelo, and Stephan Enthaler* [a] The chemical recycling of end-of-life polymers can add some value to a future circular economy. In this regard, the hydrogenative degradation of end-of-life PLA was investigated to produce 1,2-propanediol as product, which is a useful building block in polymer chemistry. In more detail, the commercially available Ru-MACHO-BH complex was applied as catalyst to degrade end-of-life PLA efficiently to 1,2-propanediol under mild conditions. After investigations of the reaction conditions a set of end-of-life PLA goods were subjected to degradation.
The impact of plastics on mankind or human life is impressively underlined by countless applications and numerous advantages compared to other materials. [1, 2] Nevertheless, a significant amount of the plastics is accessed from fossil resources and after the obligations are fulfilled the plastic waste is mainly converted to greenhouse gas carbon dioxide via incineration processes, which creates numerous negative issues. [3] A fossil resources-free and "carbon dioxide-neutral" alternative is created by the use of polymers based on renewable resources. [4] The starting materials are derived from biosynthesis, which converts carbon dioxide, water and energy to useful precursors. [5] For instance one important representative is poly (lactide) (PLA, 1) which is based on lactic acid derived from biological processes. [6] Lactic acid can either be polymerized to PLA via polycondensation reaction or by initial conversion to lactide, which can be transformed to PLA via ring opening polymerization (ROP). [7] A key benefit of poly(lactide) is the near carbon neutral performance, even if the polymer is incinerated, due to the integration of atmospheric carbon dioxide in biosynthesis. [8] Furthermore, the polymer is to some extend biodegradable, which causes less environmental problems, but it is not applicable in current industrial composting plants, because of the time needed to accomplish complete degradation. [9] However, even if the advantages of plastics from renewable resources are obvious, conflicts can arise from restricted cultivation area and competition with food production and energy production. [10] Therefore the recycling of endof-life PLA goods can be useful option to solve some of the issues. In this regard the chemical recycling presents an interesting tool for allowing an efficient recycling. [11] In more detail, the polymer is converted to low-molecular weight chemicals in a depolymerization/ degradation step, which can be either applied as monomer or as monomer precursor to regenerate the polymer or produce other polymers in a polymerization step. [12] In consequence a recycling of the chemical functions is feasible. However, currently the implementation of chemical recycling lacks in cost efficiency, high energy demand and toleration of impurities and additives. [13] Different approaches for the chemical recycling of end-oflife PLA have been accounted so far. For instance alcoholysis, pyrolysis and hydrogenation have been reported. [14, 15, 16, 17, 18] Recently Westhues et al. and Krall et al. reported a hydrogenative degradation reaction based on Ruthenium catalysis to yield 1,2-propanediol (2) as low-molecular weight chemical, which can be applied as building block for different types of polymers (Scheme 1). [17, 18, 19] Both systems require addition of acid or base, high hydrogen pressures and long reaction times. Recently, we have demonstrated the potential of the Ru-MACHO-BH complex 6 in the hydrogenative depolymerization of poly(bisphenol A carbonate), which allowed transformations e. g. acid/base-free conditions, at lower temperatures, low hydrogen pressure and within short times (Scheme 1). [20] Based on that initial study we investigated herein the capability of complex 6 in the hydrogenative degradation of end-of-life PLA.
The optimization of the reaction conditions of EoL-PLA degradation was studied with end-of-life transparent cups of PLA. For this purpose, pieces of the sample (68.2 μmol of 1 a based on the monomeric unit) together with the Ruthenium catalyst 6 (0.5 mol% in respect to 1 a) were dissolved in THF under argon atmosphere and the mixture was transferred to an autoclave. Initially, the autoclave was pressurized with 45 bar of H 2 . Subsequently the autoclave was stirred and heated to 140°C for 6 hours ( Table 1 , entry 1). Afterward, the reaction mixture was concentrated under vacuum and an aliquot was used for 1 H NMR analysis. The 1 H NMR spectrum revealed a signal at 1.09 ppm (CH 3 , 3H, d, J = 6.4 Hz), 3.33 ppm (CH 2 , 1H, dd, J = 11.1 Hz, J = 7.8 Hz), 3.56 ppm (CH 2 , 1H, dd, J = 11.1 Hz, J = 3.1 Hz) and 3.84 ppm (CH, 1H, m). The obtained data are in accordance with an authentic sample of 1,2-propanediol; therefore 2 was produced as major compound. [21] [a] T.-O. Kindler, C. Alberti, E. Fedorenko, N. Santangelo, Dr The NMR yield of 2 was determined by relating the integrals of the methyl group at 1.09 ppm from 2 with those of leftover polymer/oligomer at 1.57 ppm. In this regard, an NMR yield of > 99 % was calculated (Table 1, entry 1). Comparing the obtained result with the performance of Ruthenium-based hydrogenation catalysts (Scheme 1, 4 and 5) revealed the formation of 2 within shorter reaction times (4: 48 h; 5: 16 h; 6: 3 h), lower or same temperature (4: 160°C; 5: 140°C; 6: 140°C), and at lower hydrogen pressure (4: 55.1 bar; 5: 90 bar; 6: 45 bar). [17, 18] However, compared with complex 5 (0.05 mol%) a higher catalyst loading of 0.5 mol% is required. Subsequently, the reaction time was reduced to 3 h revealing the same yield of 2 (Table 1, entry 2) . A further reduction to one hour showed a yield of 33 % (Table 1, entry 3) . In the next experiments the catalyst loading was studied by gradually reducing the loading from 0.5 mol% to 0.1 mol% ( Table 1 , entries 4-6).
At 0.25 mol% loading a diminished yield of 32 % of 2 was noticed, while at lower loading or without any catalyst no product formation was detected. Next the influence of reaction temperature was investigated ( Table 1, entries 7-8) . A good yield of 67 % of 2 was obtained at 120°C, while at lower temperatures only minor amounts of product 2 were realized. A reduction of the hydrogen pressure to 20 bar revealed an inactivity of the catalyst ( Table 1 , entries 9 and 10). Moreover, the solvent THF was replaced by toluene or hexane, but no product formation was observed ( Table 1 , entries 11 and 12). Based on the results of the optimization study, the following reaction conditions were selected for further experiments: 0.5 mol% of catalyst 6, 140°C, 45 bar H 2 and 3 h reaction time ( Table 1 , entry 1). Next a set of PLA containing end-of-life goods were subjected to hydrogenative degradation ( Table 2) . First different transparent and colourless products were tested ( Table 2 , entries 1-6). In most cases excellent conversion of PLA was detected, while NMR yields of 65-73 % were realized ( Table 2 , entries 2-6). Noteworthy, for calculation of the yield it was assumed that the goods are composed of 100 % PLA, since the number/amount of additives is unknown. Moreover, a transparent cup was tested, which has been used, washed and dried (Table 2, entry 6). Here a good conversion of 78 % of 1 and a good yield of 73 % of 2 was obtained. Moreover, dyed PLA products were hydrogenated ( Table 2, entries 7-14) . Excellent conversion of PLA was found for most products, while in case of 1 i a low conversion and for 1 m no conversion was detected ( Table 2 , entries 9 and 13). However, the obtained yields for 2 are to some extend lower compared with transparent products. After successful degradation of the used cups 1 a under the optimized conditions, a scale up was carried out with 0.5 g of 1 a (Scheme 2). Here product 2 was obtained in > 99 % NMR yield and in 89 % isolated yield after distillation. [22] Scheme 1. Synthesis of 1,2-propanediol from end-of-life PLA. Table 1 . Ruthenium-catalyzed hydrogenative degradation of poly(lactide) (1 a) -optimization of the reaction conditions. Entry [a] Next the simultaneous hydrogenative depolymerization/ degradation was studied (Scheme 3). In this regard, a mixture of end-of-life PLA and end-of-life poly(bisphenol A carbonate) (7) was reacted with hydrogen in the presence of complex 6. [17] Both polymers were converted to the corresponding monomer in good to excellent yields. On the other hand, a mixture of PLA 1 a and poly(propylene carbonate) (9) was subjected to hydrogenative depolymerization/ degradation. [23] Noteworthy, both polymers were converted to product 2 in excellent yield.
In addition, a consecutive degradation approach of PLA and poly(oxymethylene) (10) was investigated in accordance to Klankermayer and co-worker (Scheme 4). [24] In this regard, endof-life PLA is converted to 2, which is required for the degradation of 10 to produce a cyclic acetal, which can be useful chemical, e. g. as monomer for new polymers. [24] In more detail, 1 a was depolymerized with hydrogen in the presence of catalytic amounts of complex 6 to form 2 in > 99 % yield. After 3 hours the excess of hydrogen was released and into the reaction mixture poly(oxymethylene) 10 (monomeric ratio 1 a : 10 1 : 1) and catalytic amounts of bismuth(III) triflate (5 mol%) was added. [25] After 2 hours at refluxing conditions (oil bath temperature: 90°C) 4-methyl-1,3-dioxolane (11) was obtained in 90 % yield.
In summary, we have studied a homogenous catalyst system for the hydrogenative degradation of EoL-poly(lactide). The commercially available Ruthenium-MACHO-BH complex was used at low catalyst loadings to yield 1,2-propanediol as a beneficial chemical in good to excellent yields. Compared to established hydrogenative degradation methods milder conditions were required for the degradation of PLA goods. This might be one step towards achieving the UN's goals for a sustainable development (SDGs 9,11) and a future waste management system (SGD 12). [26] 
